Nondestructive methods determining current mismatched ratios (CMMRs) between key subcells in a multijunction solar cell were proposed in view of a compensated concept of subcell's current. Various compensated lights were employed to determine key CMMR of InGaP-InGaAs-Ge related triplejunction (3J) solar cells. When a 405 nm compensated light is used, short-circuit currents of 9.37 mA/cm 2 and 10.28 mA/cm 2 were determined for the InGaP-subcell and InGaAs-subcell, respectively, resulting in a CMMR of 4.4%. Excellent agreement in evaluated properties was obtained when a 532 nm, a 638 nm, and 808 nm compensated lights were used. A 3J solar cell fabricated with an anti-reflected coating was also evaluated. Measured results reveal that an overall short-circuit current of 13.5 mA/cm 2 is still limited by the InGaP-subcell, resulting in a conversion efficiency of 27%. Together with determined short-circuit current of 15.5 mA/cm 2 for the InGaAs-subcell, a possible optimum conversion efficiency of 29.11% is expected.
I. INTRODUCTION
Many solar cells employed various materials [1] - [11] and structures with different band-gap combination were intensively studied in past two decades [12] - [22] . A solar cell generally has three important parameters used to evaluate its conversion efficiency. These parameters are so-called opencircuit voltage (V OC ), short-circuit current density (J SC ), and filling factor (FF). Thus, multijunction solar cells in view of a concept on major improvement in V OC at the price of minor reduction in J SC were proposed [23] - [28] . Actually, such the multijunction solar cells were formed by serially connecting multiple p-n junctions according to their energy band-gaps. Every p-n junction forms an individual subcell in the multijunction solar cell. Therefore, an overall V OC of the multijunction solar cell is equal to the sum of V OC of the individual subcell. Compare to a single-junction solar cell formed by an individual subcell structure, a multijunction solar cell has not only an increased V OC but also an extended absorption light spectrum. However, such the extended absorption light spectrum will be shared by their multiple subcells. In other words, subcells with a different energy band-gap were responsible for their own light spectrum independently. The conversion efficiency of the multijunction solar cell cannot be improved only by the increased V OC . This is because the overall J SC is limited by that of the subcell whose short-circuit current density is minimal. One of subcells in the multijunction solar cell, which has poor qualified materials, will lead to an undesirable small J SC . At the situation, large short-circuit current densities being available for other subcells contribute no improvement for the overall J SC of the multijunction solar cell. Being more serious in this case, the conversion efficiency is even smaller than that of a conventional single-junction solar cell. This is why an important concept about "current match" was proposed to search for substantially maximum and equal short circuit current density for every subcell in the multijunction solar cell [29] .
One of the most common approaches used to achieve the current match is to theoretically simulate the multijunction solar cell formed by multiple p-n junctions with different energy band-gaps. Eventually, very high conversion efficiencies were achieved using simulated multijunction structures [21] , [22] , [28] , [29] . In practice, we still cannot confirm whether the current match was obtained or not. Reference [13] reported an individual p-n junction originally used in a multijunction solar cell was grown and fabricated as a single-junction solar cell to evaluate its current match. Due to different light adsorption, such the single-junction solar cell cannot be used to precisely determine current match. Olson and Kurtz proposed current-matched high-efficiency double-junction solar cells by adjusting absorption thickness of the top subcell [30] . Takamoto and Agui then also provide another current-matching method by adjusting absorption energy band-gap of the top subcell [31] . In [30] and [31] , increasing the absorption thickness or decreasing energy band-gap will lead to a decreased short-circuit current of the bottom or the middle subcell but an increased short-circuit current of the top subcell. In addition to lack of precisely determining short-circuit currents of each subcell, it is difficult or miscellaneous to achieve current match between key subcells. Our previous works [32] and [33] reported on photovoltaic characteristics of each subcell and Ge-subcell evaluated in situ in a 3J solar cell, respectively. Since a wetetch process is required to remove epitaxial layers, the method employed is destructive. In addition, the current mismatch ratio is still not available when the InGaAs-subcell has the minimal J SC .
In this work, a new nondestructive inspection for determining key subcell's short-circuit current was proposed. Then, high-efficiency current-matched multijunction solar cells were provided. Furthermore, quality measurements of epitaxial materials used in multijunction solar cells can also be evaluated. In Section II, a commercially available Gebased solar-cell structure was employed to fabricate triple junction (3J) solar cells and double junction (2J) solar cells with an InGaP-based light filter. Our measurement system set up for the nondestructive inspection of short-circuit current of every subcell was introduced. Destructive and nondestructive inspection of subcell's short-circuit current were discussed in Section III. A 3J solar cell with an anti-reflecting coating (ARC) was fabricated for consideration. Brief comparisons of 3J solar cells between with and without an ARC were addressed. Finally, conclusions were made.
II. EXPERIMENTAL A. SOLAR-CELL FABRICATION AND MEASUREMENT SYSTEM
Nondestructive inspection of every subcell's J SC to various multijunction structures is festival by using our proposed work. So, a commercially available InGaP-InGaAs-Ge structure was used. As shown in Fig. 1(a) , the InGaP-InGaAs-Ge structure was grown on a p-type Ge substrate using a metal-organic chemical vapor deposition (MOCVD) system. Typically, it consists of a InGaP top cell (denoted as InGaP-subcell) with a largest band gap and a InGaAs middle cell (denoted as InGaAs-subcell) whose band gap is larger than that of a Ge bottom cell (denoted as Ge-subcell) formed by a diffused n-type Ge layer. Fig. 1 (b) shows a typical cross-sectional view of a 3J solar cell. In the fabrication of 3J solar cells, AuGeNi and AuZn were employed as the front and the bottom Ohmic electrodes, respectively, with a cell area of 0.25 cm 2 and a shielding ratio of 5%. On the other hand, double junction (2J) solar cells were fabricated by removing 5% area of InGaP-based layers through a patterned photoresist window. AuGeNi metal was deposited upon the tunnel-diode-1 layer and was then lifted off as the front Ohmic electrode. Thus, 95% area of the InGaP-based layers remained to work as a short wavelength filter. Obviously, our 2J solar cells will have the same absorption spectrum as those 3J ones. Fig. 1(c) shows a cross-sectional view of the fabricated 2J solar cell. The front Ohmic electrode of the 3J solar cell is formed upon the cap layer while that of the 2J solar cell is formed upon the tunnel-diode-1 layer. In addition, it is obvious that the Ge-subcell in the 2J solar cell will also receive the same adsorption light spectrum as that in the 3J solar cell. This is totally different from a single-junction solar cell fabricated with the same InGaAs subcell structure on a Ge-substrate. These also explain why [13] , [30] , and [31] cannot possibly be appropriated methods to finally determine the "current match". Fig. 2 shows the present inspection system for measuring short circuit current of every subcell in a multijunction solar cell. An as-fabricated 3J solar cell (including an InGaPsubcell, an InGaAs-subcell, and a Ge-subcell) or an asfabricated 2J solar cell (including an InGaP-based filter, an InGaAs-subcell, and a Ge-subcell) was directly placed upon a sample holder whose temperature was precisely controlled by Intec STC200 during the current-matched inspection. A thermocouple was used to monitor the actual temperature to confirm the testing temperature at 25 • C. The light from a solar simulator with a Xe lamp (XEC-310S) was calibrated to 1-sun condition (AM 1.5G: 100 mW/cm 2 ) with a reference cell. Current-voltage (I-V) characteristics of both the 3J and the 2J solar cells were measured by Keithley 2400 5A. Four compensated light sources (405, 532, 638, and 808 nm in wavelength) were controlled by another Keithley 2440 5A to adjust their output power. The exposing time for the I-V measurement was shorter than 5 s (100 data points). For comparison, an InGaP-InGaAs-Ge 3J solar cell fabricated with a SiO 2 as the ARC (named 3J-ARC solar cell) was also employed in our nondestructive inspection. Fig. 3(a) is an illustrated condition for a 3J solar cell at zero bias and under AM 1.5G irradiation. Notice that a further simplified 3J solar cell representing that in Fig. 1 was used. No doubt, an overall J SC in the 3J solar cell is limited by the subcell whose J SC is minimal. This is our study to find out the subcell which has the minimal J SC and to further determine what the minimal J SC is. An illustrated example explaining our key concept by using a compensated light is shown in Fig. 3(b) . The compensated light having a wavelength λ with an adjustable power of P in is suggested. Thus, an appropriate compensated light can be used to irradiate the 3J solar cell under AM 1.5G condition to determine "current match". For example, in the as-fabricated InGaP-InGaAs-Ge 3J solar cell, a 405 nm light will be an appropriate compensated light when the InGaP-subcell is under assumption (i.e., the InGaP-subcell has a minimal J SC ). This is because (i) most 405 nm compensated light will be absorbed by the InGaP-subcell; and (ii) then an additional photocurrent induced will enhance the J SC of the InGaP-subcell (called J SCT ). If the assumption is correct, the expected overall J SC in the 3J solar cell under AM 1.5G irradiation will increase with increasing power of the 405 nm compensated light at first. However, the expected overall J SC will finally saturate when a new J SCT due to the 405 nm compensated light is larger than the J SC of the InGaAs-subcell (called J SCM ) or the J SC of the Ge-subcell (called J SCB ). At the situation as shown in Fig. 3 (c), the InGaP subcell no more has the minimal J SC . In other words, the saturated J SC is clearly to be one of two other subcells. Otherwise, the minimal J SC is not due to the InGaP-subcell, the additional photocurrent used to enhance J SCT will not change the overall J SC in the 3J solar cell. Thus, we find the overall J SC in the 3J solar cell will remain unchanged as the 405 nm compensated light is applied, as shown in Fig. 3(d) . Fig. 4 shows I-V curves of the as-fabricated 3J solar cell in the dark and under 1 sun of AM 1.5G irradiation. An open-circuit voltage of 2.343 V was measured. Furthermore, an overall J SC of 9.378 mA/cm 2 was measured, which is obviously limited by one of three subcells. Together with a filling factor of 80.3%, the as-fabricated 3J solar cell has a conversion efficiency (η) of 17.65%. Also shown in Fig. 4 were I-V curves of the 2J solar cell in the dark and under 1 sun of AM 1.5G irradiation. Notice again that our 2J solar cell was fabricated to hold the same band-gap combination as that of the 3J solar cell. That is, the 2J solar cell was implemented with an InGaP-based filter, as shown in Fig. 1(c) . Therefore, the light absorption in individual subcells of the 2J solar cell is the same as that in those of the 3J solar cell. Experimental results from Fig. 4 reveal that (i) an open-circuit voltage of 1.13 V; (ii) an overall J SC of 10.25 mA/cm 2 ; and (iii) a conversion efficiency of 8.18%, respectively. Similarly, the overall J SC of 10.25 mA/cm 2 in the 2J solar cell is now limited by either the InGaAs-subcell or the Ge-subcell. Since both J SC s of the InGaAs-subcell and the Ge-subcell are not smaller than 10.25 mA/cm 2 , we conclude that the overall J SC of 9.378 mA/cm 2 in the 3J solar cell is limited by the InGaP-subcell. According to previous studies in Ge-based 3J solar cells, the current generated in the Ge-subcell is usually much larger than those generated in both the InGaP-subcell and the InGaAs-subcell [32] , [33] . Thus, key p-n junctions in Ge-based 3J solar cells used to determine the current match are generally considered to be the InGaP-subcell and the InGaAs-subcell. In addition, a current mismatching ratio (CMMR) is defined, for the first time, as:
B. KEY CONCEPTS FOR DETERMINING CURRENT MATCH

III. RESULTS AND DISCUSSION
A. DESTRUCTIVE INSPECTION OF J SC
where J SCT and J SCM are the short-circuit current densities of the InGaP-subcell and the InGaAs-subcell, respectively. Besides, an average value of the J SCT and the J SCM (i.e., (J SCT + J SCM )/2) represents a possibly optimized overall J SC in the 3J solar cell. Thus, the CMMR for the as-fabricated 3J solar cell is about 4.44% ((10.25 − 9.378)/(10.25 + 9.378)). The possibly best design for the J SCT and/or J SCM in the 3J solar cell is considered to be 9.814 mA/cm 2 ((10.25 + 9.378)/2). Together with both nearly unchanged V OC and FF in the 3J solar cell, an optimal conversion efficiency of 18.47% is expected. Thus, remind that a 4.44% CMRR will lead to 0.82% (18.47% − 17.65%) reduction in the conversion efficiency. Key J SC s with important characteristics for the asfabricated 2J and 3J solar cells will be possibly extracted by using our proposed work. However, an additional work on fabricating the 2J solar cell with an InGaP-based filter is required. Unfortunately, such the 2J solar cell is nothing to do with a 3J one. This is why a so-called destructive inspection was emphasized. On the other hand, in the case as the J SCT is minimal, both the J SCT and the J SCM can be extracted by such the so-called destructive inspection. Eventually, our present work is the case. However, the J SCT and thus CMMR cannot be obtained if the J SCM is minimal. Finally, together with additional manufacturing processes for fabricating 2J solar cells with an InGaP-based filter, research cost and cycle have to be considered by using the proposed destructive inspection.
B. NONDESTRUCTIVE INSPECTION OF J SC
By a 405 nm compensated light source: The J SCT can be compensated by a 405 nm (λ1) light if it is the minimal J SC in the 3J solar cell. The InGaP-subcell is responsible for a wavelength range at which it is able to substantially absorb the 405 nm light to generate electrical carriers. Clearly, these electrical carriers induced by the absorption of the 405 nm light will contribute a photocurrent to the J SCT so that the overall J SC of the 3J solar cell will increase with increasing power of the 405 nm light (P λ1 ). In other words, it is the case illustrated in Fig. 3(a) . Thus, a 405 nm compensated light with an adjustable power of P λ1 was incident on our 3J solar cell under AM 1.5G irradiation to determine both the J SCT and the J SC\M , simultaneously. Fig. 5(a) shows typical and represented I-V characteristics of the 3J solar cell reflecting the inspection under various P λ1 . The curve at P λ1 = 0 mW represents that our 3J solar cell is under AM 1.5G irradiation. Furthermore, measured results reveal that (i) the 405 nm compensated light plays few effects on both V OC and FF; and (ii) the overall J SC of the 3J solar cell is clearly enhanced by introducing the 405 nm compensated light. In order to further realize effects of the 405 nm compensated light on the 3J solar cell, current densities as a function of P λ1 are shown in Fig. 5(b) . At first, the overall J SC of the 3J solar cell was found to linearly increase with increasing P λ1 . It then starts to gradually increase at P λ1 = 1.5 mW and finally to saturate at P λ1 > 2 mW. Experimental results explain that the overall J SC of the 3J solar cell is originally limited by the J SCT . The enhanced J SCT due to the 405 nm compensated light leads to the increase in the overall J SC of the 3J solar cell. When the enhanced J SCT is over J SCM , the overall J SC of the 3J solar cell will now be limited by J SCM . If the 405 nm compensated light provides no contribution to J SCM , the overall J SC of the 3J solar cell will remain unchanged. Thus, a current density of 9.37 mA/cm 2 at P λ1 = 0 mW is determined to be the J SCT while the saturated one of 10.28 is the J SCM .
In our work, one of key concepts to successfully determine both the J SCT and the J SCM is whether the 405 nm compensated light contributes photocurrent to the InGaAssubcell or not. This is why our as-fabricated 2J solar cell is again employed for evaluation. Shown in Fig. 6(a) is the overall J SC of the 2J solar cell with an InGaP-based filter as a function of P λ1 . We find that the overall J SC of the 2J solar cell is nearly unchanged at 10.28 mA/cm 2 no matter what P λ1 is. Fig. 6(b) is also indicative of P λ1 -independent current densities for our as-fabricated 2J solar cell. Thus, the 405 nm compensated light really contributes no photocurrent to the J SCM . Besides, quantum efficiency (QE) of a solar cell responding to an optical light with a wavelength of λ is defined as:
where q, h, and c are the elementary charge, the Planck's constant, and the speed of light, respectively. Besides, I PH and P are the photocurrent generated by the compensated light and the power of the compensated light source, respectively. Quantum efficiencies of the InGaP-subcell and the InGaAs-subcell reflecting to the 405 nm light are calculated to be 42% and 0%, respectively, from both the as-fabricated 3J and 2J solar cells. Furthermore, based on a J SCT of 9.37 mA/cm 2 and a J SCM of 10.28 mA/cm 2 obtained from our nondestructive inspection, a CMMR is determined to be 4.63% which is in good agreement with that (4.44%) from the destructive inspection. By a 808 nm compensated light source: On the contrary, an 808 nm (λ2) compensated light will transmit to reach the InGaAs and/or the Ge subcells. This is why the 808 nm compensated light with an adjustable power of P λ2 is employed to possibly enhance the J SCM while it is of few and/or no contribution to the J SCT . Thus, the 808 nm compensated light was firstly used to be incident on the as-fabricated 3J solar cell under AM 1.5G irradiation. Figs. 7(a) and 7(b) show I-V curves and current densities as a function of P λ2 , respectively, for the as-fabricated 3J solar cell. Measured results reveal that the 808 nm compensated light contributes no effects on the open-circuit voltage, the filling factor, and the overall J SC of the 3J solar cell. This is reasonable since our as-fabricated 3J solar cell has its minimal J SC limited by the J SCT . Thus, the enhanced J SCM due to the 808 nm compensated light contributes no improvement to the overall J SC of the 3J solar cell. Obviously, the measured current density of 9.378 mA/cm 2 at P λ2 = 0 mW is the J SCT and QE of the 808 nm compensated light to the InGaP-subcell is 0%.
In order to evaluate our nondestructive inspection, an equivalent 3J solar cell with its minimal J SC limited by the InGaAs-subcell is proposed by the as-fabricated solar cell under both AM 1.5G and 4 mW, 405 nm compensated light. According to the experiments in Fig. 5 , the 4 mW, 405 nm compensated light will contribute 2.12 mA/cm 2 to the J SCT and resulting in a new J SCT of 11.5 mA/cm 2 . Then, the equivalent 3J solar cell was irradiated by the 808 nm compensated light to determine the J SCM . Measured results were shown in Fig. 8 current densities as a function of P λ2 . We find at first that a measured J SC of 10.25 mA/cm 2 at P λ2 = 0 mW was linearly increased with increasing P λ2 . The measured J SC then saturates at 11.52 mA/cm 2 when P λ2 is over 2 mW. This is reasonable since the 808 nm light contributes no photocurrent to the InGaP-subcell. Thus, the saturated value of 11.52 mA/cm 2 is limited by the InGaPsubcell, which is the new J SCT close to the expected one (11.5 mA/cm 2 ). In addition, the overall J SC in the equivalent 3J solar cell at P λ2 < 2 mW is limited by the InGaAs-subcell. Thus, the J SCM is the measured J SC of 10.25 mA/cm 2 at P λ2 = 0 mW. According to (2), a quantum efficiency of the InGaAs-subcell to the 808 nm light is calculated to be 22% which is in good agreement with that in Fig. 6(b) . Remind that the destructive inspection fail to determine the J SCT as the J SCM is minimal. However, our above-mentioned nondestructive inspection can be used to determine J SC of each subcell no matter which has its short-circuit current minimal.
By a 532 or a 638 nm compensated light source: Shown in Figs. 9 and 10 are measured results of using our nondestructive inspection by a 532 nm (λ3) and a 638 nm (λ4) compensated light sources, respectively. It is found that I-V curves in Figs. 9(a) and 10(a) are totally different from those obtained by a 405 nm and 808 nm compensated light sources. A measured J SC of the 3J solar cell is 9.37 mA/cm 2 at both P λ3 = 0 mW and P λ4 = 0 mW. The measured J SC of the 3J solar cell is then quickly and linearly increases with both P λ3 and P λ4 smaller than some power. However, the measured J SC of the 3J solar cell does not saturate but it still gradually increases when both P λ3 and P λ4 are larger than some power. Figs. 9(b) and 10(b) show the measured J SC as a function of P λ3 and P λ4 , respectively. We find that (i) the measured J SC of the 3J solar cell at P λ3 (P λ4 ) = 0 mW is 9.37 (9.37) mA/cm 2 ; (ii) it is then quickly and linearly increased with P λ3 (P λ4 ) in a first ratio as P λ3 (P λ4 ) smaller than 1 mW (1 mW ) while it is 9.37 to 10.30 (9.37 to 10.48) mA/cm 2 ; and (iii) it is then slowly increases with P λ3 (P λ4 ) in a second ratio as it is from 10.28 to 10.56 (10.48 to 12.45) mA/cm 2 . Therefore, QEs calculated for the first and second segments in current densities versus P λ3 (P λ4 ) results are 53% and 3.6% (58% and 12%), respectively. Unlike 405 and 808 nm compensated lights, both the 532 nm and 638 nm lights willcontribute a photocurrent to the InGaP-subcell and InGaAs-subcell. Our 3J solar cell has its overall J SC limited by the InGaP-subcell. Compared results shown in Fig. 6(b) also indicate that the as-fabricated 2J solar cell has a QE of 4% (12%) to the 532 (638) nm compensated light. This is why both the 532 nm and 638 nm lights are generally employed to compensate the InGaPsubcell. Clearly, the original J SCT and J SCM will increase with P λ3 (P λ4 ) in the first and second ratios, respectively. As shown in Fig. 9(b) [10(b) ], the measured J SC in the first ratio starting at 9.37 (9.37) mA/cm 2 will reflect an enhanced J SCT to the InGaP-subcell. At the same time, the measured J SC in the second ratio starting at 10.25 (10.27) mA/cm 2 reflects the 532 (638) nm compensated light for the InGaAssubcell. In other words, before the point A (B), the J SCT is still smaller than the J SCM , the overall J SC of 3J solar cell is dominated by the J SCT . The J SCT will finally be over the J SCM . This is because of a higher quantum efficiency of the InGaP-subcell as compared to that of the InGaAs-subcell (53% to 3.6% and 58% to 12%). At the situation, the overall J SC of 3J solar cell is dominated by the J SCM . Thus, the J SCT of 9.37 and the J SCT of 10.25 mA/cm 2 were determined. Being more flexible considering our nondestructive method is certainly verified.
C. CONSIDERATION ON THE 3J-ARC SOLAR CELL
By a 405 nm compensated light source: To further evaluate our proposed nondestructive inspection, another InGaP-InGaAs-Ge 3J solar cell fabricated with an ARC (3J-ARC solar cell) is employed for evaluation. Fig. 11(a) shows I-V curves obtained by irradiating a 405 nm light with adjustable power on the 3J-ARC solar cell under AM 1.5G simulated light. Important photovoltaic parameters are a V OC of 2.34 V, an overall J SC of 13.47 mA/cm 2 , and a filling factor of 85.8%. A conversion efficiency of 27% is calculated. In addition, we also find the overall J SC flowing through the 3J-ARC solar cell increases with P λ1 , as shown in Fig. 11(b) . So, the overall J SC of the 3J-ARC solar cell is also thought to be limited by the J SCT . A current density of 13.48 mA/cm 2 at P λ1 = 0 mW is reasonably determined as the J SCT . Then, the J SCM is certainly determined by the saturated current density of 15.52 mA/cm 2 . Quantum efficiencies for the InGaP-subcell and InGaAs-subcell in the 3J-ARC solar cell to the 405 nm light are calculated to be 66% and 0%, respectively.
By a 808 nm compensated light source: An equivalent 3J-ARC solar cell will be firstly proposed by the asfabricated 3J solar cell. It is proposed by irradiating the as-fabricated 3J-ARC solar cell with AM 1.5G simulated light and 4 mW, 405 nm light. According to the measured results in Fig. 11 , the 4 mW, 405 nm compensated light will contribute 4.1 mA/cm 2 to the J SCT and hence resulting in a new J SCT of 17.6 mA/cm 2 . Then, the 808 nm compensated light was irradiated on the equivalent 3J-ARC solar cell to determine both the J SCM and the new J SCT . Measured results were shown in Fig. 12 (a) I-V curves and Fig. 12(b) current densities as a function of P λ2 . We find at first that a measured J SC of 15.51 mA/cm 2 at P λ2 = 0 mW starts to linearly increased with P λ2 . Then, the measured J SC saturates at17.7 mA/cm 2 when P λ2 is over 3.5 mW. Since the 808 nm light contributes no photocurrent to the InGaP-subcell, it is used to totally compensate the J SCM . Thus, the final saturated J SC of 15.51 mA/cm 2 is the J SCM . Quantum efficiencies for the InGaP-subcell and InGaAs-subcell in the equivalent 3J-ARC solar cell to the 808 nm light are calculated to be 0% and 34%, respectively.
By a 638 nm compensated light source: Figs. 13(a) and 13(b) show I-V curves and current densities a function of P λ4 of the 3J-ARC solar cell. They are obtained by irradiating a 638 nm light with various P λ4 on the 3J-ARC solar cell under AM 1.5G irradiation. As compared to Fig. 10 , the measured J SC of the 3J-ARC solar cell also quickly and linearly increases with P λ4 at first. And it does also not saturate but will slowly increase with P λ4 . According to the measured results in Fig. 10 and previous experiments, the J SCT and the J SCM of the 3J-ARC solar cell can be determined as 13.5 and 15.5 mA/cm 2 , respectively. A CMMR for such the 3J-ARC solar cell is calculated as 6.9%. Therefore, a possibly optimized overall J SC = (13.5+15.5)/2=14.5 mA together with available V OC = 2.34 V and FF = 85.8% will result in an optimum conversion efficiency of 29.11%. On the other hand, quantum efficiencies of the InGaP-subcell and InGaAs-subcell responding to the 638 nm light are 72% and 10%, respectively.
D. COMPARISONS BETWEEN EVALUATED 3J SOLAR CELLS
Key photovoltaic performances of our 3J solar cells fabricated without and with an ARC were extracted for comparison. Considering QEs of the InGaP-subcell (InGaAssubcell) in the 3J solar cell without the ARC, they increase from 42% (0%) to 53% (3.6%) and then to 58% (12%) when the wavelength increases from 405 nm to 532 nm and then to 638 nm. Due to such the large difference in QEs between the InGaP-subcell and the InGaAs-subcell, all 405 nm, 532 nm, and 638 nm light sources are suitable for employing to compensate the J SCT . When the 3J solar cell with the ARC is evaluated, we find the ARC really and successfully works to enhance light absorption. Improvement in QEs is more at a shorter wavelength for the InGaP-subcell. It is 42% to 66% at the 405 nm while it is 58% to 72% at the 638 nm. However, experimental results reveal that improvement of the J SCM (10.25 to 15.5 mA/cm 2 ) due to the ARC is larger than that of the J SCT (9.38 to 13.5 mA/cm 2 ). Such the larger improvement in the J SCM leads to a higher CMMR (4.4% to 6.9%). Thus, conversion efficiencies of 17.65% to 18.47% and 27% to 29.11% are evaluated for the 3J solar cells without and with the ARC, respectively.
IV. CONCLUSION
In addition to a destructive method employed for comparison, a nondestructive inspection of J SC for key subcells in multijunction soar cells was proposed. An appropriated light source is employed to compensate the subcell whose J SC is minimal. 3J solar cells fabricated with and without an ARC were evaluated using 405, 532, 638, and 808 nm compensated light sources. QEs of the InGaP-subcell in the 3J solar cell without the ARC are 42%, 53%, and 58% which are much larger than those of the InGaAs-subcell (0%, 3.6%, and 12%) for the 405, 532, and 638 nm lights. Thus, the J SCT and the J SCM were determined with a CMMR of 4.4%. On the other hand, an equivalent 3J solar cell with its minimal overall J SC limited by the InGaAs-subcell was produced by irradiating a 3J solar cell with AM 1.5G and 4 mW, 405 nm light. All experiments reveal that our proposed method is low-cost, flexible-rich, and advanced.
